A cholesterol de-esterifying enzyme found in partially purified preparations of alpha toxin produced by the Wood 46 strain of Staphylococcus aureus has been separated from other staphylococcal proteins and from alpha toxin by isoelectric focusing and gel filtration. Preparations of alpha toxin from Bio-Gel P-60 columns and of the cholesterol esterase from Bio-Gel P-200 columns showed a high degree of purity, as determined by analytical ultracentrifugation, gel diffusion, immunoelectrophoresis, and polyacrylamide gel electrophoresis. The molecular weight of the cholesterol esterase determined by polyacrylamide gel electrophoresis in sodium dodecyl sulfate was 25,500 and on Bio-Gel P-300 columns it was 175,000, indicating an associating system. The density of the enzyme was lower than expected for simple proteins (about 1.19 g/ml). Chloroform-methanol extracts showed the presence of a neutral lipid that did not contain cholesterol. This material, possibly a glycolipid, might play a role in the stabilization of the enzymatically active protomer. The isoelectric point of the esterase was 9.1. Cholesteryl esterase was labile and lost its activity easily. It could bind reversibly to agarose-containing gels. After elution, it was enzymatically inactive, with an isoelectric point of less than 6.2. The W46M mutant of the Wood 46 strain, which does not produce alpha toxin, also does not produce cholesterol esterase.
quently found in this laboratory and by J. Arbuthnott at the University of Glasgow that the responsible enzyme was a basic protein distinct from a-toxin. This paper reports the physical separation of this enzyme having cholesteryl esterase (CEase) activity from a-toxin, its purification, and some of its properties. Although CEases (sterol-ester hydrolase [EC 3.1.1.13]) are common in certain mammalian tissues (3) and are produced by certain eucaryotic microorganisms, their production by procaryotic cells does not seem to have been reported (cf. reference 3).
MATERIALS AND METHODS
Organism. The Wood 46 strain of S. aureus, provided by Alan Bernheimer, was used as a source of the cholesteryl de-esterifying enzyme.
Culture. Yeast dialysate diffusate medium was prepared by using the method of Bernheimer and Schwartz (2) . A 2-ml amount of a 15-to 17-h pilot culture was inoculated into 600 ml of medium in a Fernbach flask. The pilot flask had been inoculated with selected staphylococcal colonies showing wide zones of hemolysis on 5% rabbit erythrocyte Trypticase soy agar plates (BBL, Cockeysville, Md.). Hemolytic activity was assayed by the method of Bernheimer and Schwartz (2) and expressed as 50% hemolytic units (HUO), as determined by graphic analysis of the data on probability paper (KE-46-8080).
Assay of CEase activity. The assay of CEase activity was done by a method communicated to me by J. P. Arbuthnott of the University of Glasgow. The enzyme sample was added to a heavy-wall test tube (Pyrex no. 9860), and the total volume was made to 5.5 ml with 0.5 M potassium phosphate buffer, pH 7.5. The substrate, cholesteryl-[4-'4C]oleate (55.5 mCi/mmol; New England Nuclear Corp., Boston, Mass.), was diluted to approximately 5,000 cpm in C2H5OH. A total of 100 1.l was added to test and control tubes. The tubes were mixed and incubated at 370C for 1 h. Unesterified cholesterol (100 jug/100 ,ul of absolute ethyl alcohol) was then added as carrier, and the tubes were again mixed. A 5-ml amount of chloroform was added to each tube with thorough mixing. The tubes were centrifuged for 10 min in an International clinical centrifuge at 2,500 rpm. The top aqueous layer was removed and discarded. (20) .
Immunoelectrophoresis. Immunoelectrophoresis was done in 0.8% agarose in a pH 6.2, 0.05 M sodium cacodylate buffer, using a Gelman deluxe electrophoresis chamber. Samples were electrophoresed for 1.5 h. Antiserum was added and allowed to react with antigen for 24 h at room temperature. Slides were washed and stained as above.
Analytical ultracentrifugation. Analytical ultracentrifugation was done with a Spinco model E ultracentrifuge equipped with schlieren optics (Beckman Instruments, Palo Alto, Calif. ). Runs were made at 20'C and 60,000 rpm in an AnD rotor. Sedimentation coefficients were calculated from data obtained with a Nikon model 3A shadow graph (Nippon Kogaku, Tokyo, Japan).
TLC. Thin-layer chromatography (TLC) for lipid identification was done on Folch extracts (8) Chromatograms were sprayed successively with the ferric chloride spray of Lowry (14) and the phosphomolybdic acid spray of Randerath (18) . After each spray treatment, the sheets were heated at 100'C for several minutes. The use of the two sprays resulted in TLC plates that retained their color spots and did not fade. RESULTS Separation and purification. S. aureus were grown and the culture supernatant was recovered by the method of Bernheimer and Schwartz (2) . The proteins in the supernatant were precipitated, extracted, and dialyzed against 1% glycine (wt/vol) by the method of McNiven et al. (15) . After removal of the residual precipitate by centrifugation, the samples were subjected to isoelectric focusing in a pH gradient of pH 3.5 to 10 for 72 to 96 h. Eightmilliliter fractions were collected, and each was assayed for pH and hemolytic activity (Fig. 1 ).
All fractions above pH 6 .75 with hemolytic titers . 1 x 10:1 HU5,,/ml were pooled and dialyzed for 24 h against 75% saturated (NH4)2SO4. The precipitate was collected by centrifugation at 27,000 x g for 10 (Fig. 2) . Fractions were assayed with antiserum containing antibodies against both a-toxin and CEase by measurement of hemolytic and enzymatic activities. The CEase activity was eluted in the void volume of the column, accompanied in some cases by small amounts of the 12S form (9) ofatoxin ( Fig. 3c and 6c) , whereas the 38 form ofatoxin eluted more slowly (Fig. 2) . Re-chromatography of the peak containing the CEase activity on Bio-Rad P-200 or P-300 gels in 1 M (NH4)2SO4 resulted in separation of the CEase from the 12S a-toxin, as demonstrated by acid PAGE (Fig. 3c and d) .
Thirty-two preparations of a-toxin and CEase were made during this investigation. Figure 5 shows the results of immunoelectrophoresis of CEase and a-toxin. Each preparation shows a high degree of purity. The known charge heterogeneity of a-toxin (15) is apparent, as is the diffuse character of the CEase band.
(iv) Analytical ultracentrifugation. Figure 6 shows schlerien diagrams of a partially purified WF _ preparation containing both CEase and a-toxin (Fig. 6a) , purified 3S a-toxin (Fig. 6b) , and CEase (Fig. 6c) . The asymmetry of the CEase Purity of CEase. The purity of the enzyme was evaluated by four methods.
(i) (PAGE). Both a-toxin and CEase are basic proteins ( Fig. 1) and, therefore, require the use of an acid PAGE system or one containing SDS. Figures 3a and b show SDS gels that contain single bands of CEase and a-toxin, respectively. The results of electroporesis of atoxin and CEase in 7% acid gels in the absence of SDS are seen in Fig. 3c, d , and e. The sample shown in Fig. 3c contains both 12S a-toxin (tight band toward the top of the gel) and CEase (wide band in center). Figure 3d shows purified CEase from a P-200 column. Figure 3e shows purified 3S a-toxin from a P-60 column. The production of a diffuse CEase band in non-SDS-containing gels is a consistent characteristic of this enzyme.
(ii) Gel diffusion. Purified a-toxin and CEase were tested for homogeneity by using antisera described previously. Each antiserum contained antibodies to both proteins. Figure 4a shows that a sample containing both CEase and a-toxin gives a reaction of nonidentity of the Molecular weight. Molecular weight determinations of CEase and a-toxin, using selected proteins as standards, were made with an SDS-PAGE system (Fig. 7 and 3a and b) . The molecular weight of a-toxin in this system was 34,500, confirming previously reported values (25) , and that of CEase was 25,500. This latter value represents a monomer molecular weight. The molecular weight ofthe CEase, determined in a calibrated column containing Bio-Gel P-300 gel, was 175,000. This value should be considered an estimate, due to the excessive width of the CEase peak that was eluted from the column.
Isoelectric point (pl). Enzymatic assay of CEase-containing fractions from an isoelectric focusing gradient of pH 7 to 9 showed that the pI of purified CEase was 9.1. This value was very close to that of CEase, as determined in a mixture of a-toxin and CEase (Fig. 1) on a pH 3.5 to 10 gradient.
Evidence for a possible relationship between a-toxin and CEase came from experiments with the W46M strain ofS. aureus (a gift from Alan W. Bernheimer). This organism is a mutant of the Wood 46 strain that produces delta toxin but essentially no a-toxin. Supernatants of the cultures treated in the same manner and using the same methods as for the purification of CEase and a-toxin from the W46 strain showed no evidence for the production of either of these substances when the fractions from the isoelectric focusing step were assayed for CEase and hemolytic activity.
Modification of CEase by agarose. During the development of the purification procedure, it was observed that precipitates of CEase in 75% saturated (NH4)2 S04(density = 1.19 g/ml), unlike a-toxin, did not sediment on standing nor could they be centrifuged into a tight pellet (27,000 x g) like those of a-toxin. These observations were indicative of a lower density of CEase than for unconjugated proteins (ca. 1.30 g/ml) and suggested the presence of a lipid or a lipid-containing moiety. Another property of the CEase molecule that was observed was its ability to bind readily to agarose-containing polymers (e.g., Ultragel [LKB] or gel diffusion matrixes). This binding resulted in loss of the enzymatic activity of the CEase and in the lowering of its pI to a value more acid than pH 6.2. The ability of CEase to react specifically with antisera was not altered by this treatment, however.
The possible presence of a lipid-containing moiety in CEase was investigated by using TLC of chloroform-methanol extracts of CEase. Development in a chloroform-methanol-ammonia water system showed the presence of a neutral lipid migrating with the solvent front and the absence of phospholipid. Chromatography of the extracts in hexane-ethyl ether-acetic acid showed no evidence for the neutral lipid being esterified cholesterol. This neutral substance in the CEase extract could have been a glycolipid (6), a molecular species commonly found in bacteria (21) that could be essential to the integrity of the enzymatically active protomer. However, neither lipid nor carbohydrate strains of CEase in polyacrylamide gels gave positive results. The investigation of these properties of CEase is continuing.
DISCUSSION
The finding that partially purified preparations of a-toxin de-esterified the cholesteryl esters of plasma HDL resulted from the use of HDL as a model in the study of the interaction of cytolytic bacterial toxins on cell membranes. Analytical ultracentrifugal analysis of fractions pooled after isoelectric focusing showed that the partially purified a-toxin contained two separate proteins. Enzymatic and hemolytic assays of the individual fractions showed that the hemolytic activity (a-toxin) and the esterase activity were also distinct. Molecular INFECT. IMMUN. sieving chromatography on Bio-Gel columns gave good separation of the a-toxin and CEase (Fig. 2) .
Four methods, of varying sensitivity, have been used to assess the purity of both the atoxin and the CEase, namely, PAGE, gel diffusion, immunoelectrophoresis, and analytical ultracentrifugation. In all cases the a-toxin gave the appearance of being pure, even in the most sensitive of the four techniques, PAGE. It should be noted that the faint spur seen in immunoelectrophoresis of a-toxin (Fig. 5) is typical (1) of the 12S form of a-toxin commonly found in small amounts in a-toxin preparations. The occurrence of only one band in SDS-PAGE of such preparations corroborates this monomer-protomer association. Purification of CEase was more difficult to achieve, primarily due to the presence of some of the 12S protomer of a-toxin that is produced from 3S toxin under certain conditions (1) . The molecular weights of CEase and the 12S a-toxin are very close, so that they both elute in the void volume of a BioGel P-60 column. The use of P-300 columns resulted in good separation, as shown by PAGE ( Fig. 3d and e) and immunoelectrophoresis (Fig. 5) . The asymmetrical distribution of CEase in sedimentation velocity diagrams (Fig.  6c ) may reflect some heterogeneity, polydispersity, or the fact that CEase is an associating system. The common occurrence of hyperfine sharpening in sedimentation velocity diagrams of some of our CEase preparations is indicative of concentration dependence of the sedimentation coefficient (22) .
The molecular weights of the CEase monomer, as determined in the SDS-PAGE system, and of the protomer, as determined by column chromatography, are approximate as they are subject to certain errors. The parameter that determines the mobility of proteins in SDS-PAGE analysis is the hydrodynamic volume of the random-coil structure of the denatured protein, whereas the parameter that determines the elution volume on gel filtration is the hydrodynamic volume of the native protein. In addition, variability in shape and density of the protein can affect these measurements. If a protein contains more than a certain amount of carbohydrate or a lipid, a situation that may occur in CEase, then its density will differ from those of the proteins used to calibrate these methods and its mobility or elution volume will not be directly convertible to molecular weight values. In addition, when native CEase elutes from Bio-Gel P-300 it does so in a broad peak, indicating some degree of polydispersity. Ultracentrifugal methods will be used to determine the molecular weight of CEase, and the data on October 16, 2017 by guest http://iai.asm.org/ Downloaded from will be compared with those presented here.
The pI of CEase was 9.1, as determined by isoelectric focusing. The fact that this pI is so close to that of a-toxin, whose major isoelectric fraction has a pI of about 8.6 (15), makes it not surprising that the two proteins could be found together in preparations. Careful inspection of descriptions of procedures for a-toxin purification (e.g., reference 9) reveals evidence for the presence of proteins resembling CEase. In consideration of any relationship that might exist between the formation of a-toxin and CEase, it is interesting to note that the W46M mutant derived from the Wood 46 strain of S. aureus produced little, if any, a-toxin and produced no CEase either. Our attempts to isolate plasmids from Wood 46 have so far been negative. This and other aspects ofthe relationship between atoxin and CEase will continue to be investigated.
The amount of CEase recovered by the method reported here varied from one preparation to another, probably due to the intrinsic lability ofthe molecules. Early in the investigation it was found that the enzymatic activity of CEase was inactivated by agarose. When CEase was applied to columns made with agarose-containing gels, it did not elute entirely in the void volume but trailed considerably. Assay of the fractions from the column showed loss of enzymatic activity. Immunoelectrophoresis showed that the pI had been changed from 9.1, found in the native enzyme, to less than 6.2.
These findings may be related to other observations concerning CEase, namely, that: (i) it is a protomer molecule, i.e., made up of subunits; (ii) it has a density less than that usual for unconjugated proteins; and (iii) a neutral lipidlike material resembling a glycosphingolipid was extracted from it. It is possible that CEase binds reversibly to the agarose in the column material by its lipid moiety. The protein that is eventually eluted may have lost this moiety, thus becoming enzymatically inactive. This loss might also be responsible for the change in pI. Activation of mammalian CEase by protomer formation has been reported (11) .
The lability of CEase also affects its assay. The simple procedure described above was used throughout development of the isolation and purification schedule for comparative purposes. It is known that CEase enzymes from mammals are also labile and their activity is protected by the addition of substances such as bile salts or albumin (7) . The increased activity that we have found when these substances were added to our simpler assay system will be investigated further to obtain a more stable and sensitive method.
No other reports have been found of CEase produced by procaryotic microorganisms, although a similar enzyme (sterol-ester hydrolase) is formed by certain eucaryotic microorganisms, e.g., certain Candida that are used to produce the enzyme commercially. The availability of purified staphylococcal CEase will permit a more detailed study of its characteristics as well as a continuing investigation of its interaction with lipoproteins and membranes and its role in the metabolic armamentarium of S. aureus.
